The geometries, electronic structures, and spectral properties of three metal complexes Zn(C 10 H 12 N 3 OS) 2 (1), Ni(C 10 H 12 N 3 OS) 2 (2) and Pd(C 10 H 12 N 3 OS) 2 (3) with N-2-pyridinylmorpholine-4-carbothioamide as a ligand were investigated by means of the DFT (density functional theory) and TD-DFT (time-dependent density functional theory) methods. Complex 1 has a distorted tetrahedral geometry, while complexes 2 and 3 present a distorted square-planar coordination environment. In the simulated range, the spectrum of complex 1 has five obvious absorption peaks and one of them has the strongest intensity. The latter two complexes have one more absorption peak and a shoulder with similar intensity. Moreover, the strongest peak of complexes 2 and 3 is blue-shifted as compared with that of complex 1.
INTRODUCTION
Thiourea and its derivatives have received considerable attention during the past two decades because of their versatile biological activity and potential applications in industry and agriculture. 1, 2 In addition, they are efficient complexing agents for metal ions and are widely employed as ligands in coordination chemistry. 3 The presence of hard N-and O-and/or soft S-donor atoms in the backbones allows them to react easily with both transition group and main group metal ions, leading to stable metal complexes. Some of them have been testified as exhibiting significant physical, chemical, and biological properties. Complexes of thiourea with Zn(II) ion have been proved to be the potential starting materials for the fabrication of thin metal sulfide films possessing semicon-1264 WANG et al. ducting properties. 4 The nickel(II) complexes containing N-substituted derivatives of thiourea were found to exhibit excellent DNA/protein binding and antioxidant properties. 5 In addition, a number of Pt(II) complexes have been used as clinical antitumor drugs. Recently, much more attention has been turned to explore new metal complexes of thiourea derivatives with greater potency and less toxicity than current clinical drugs. Therefore, Pd(II) complexes became the new focus of attention owing to their wide spectrum of medicinal properties.
In 2012, Orysyk et al. 6 synthesized and characterized three new Zn(II), Ni(II), and Pd(II) complexes with N-2-pyridinylmorpholine-4-carbothioamide as the ligand. Based on the experimental information, the ground electronic states of three metal complexes, 1-3, were theoretically investigated by the DFT method in the present work. Subsequently, the vertical excitation energies were evaluated by the TD-DFT method. The general aim was to understand deeply the properties of the absorption spectra and to elucidate the influence of the structures on the absorption spectra.
COMPUTATIONAL DETAILS
The geometries of three complexes were optimized by three DFT levels of theory without any symmetry restriction, i.e., M06, 7 B3LYP (Becke's three-parameter non-local--exchange functional with the nonlocal correlation of Lee-Yang-Parr), 8, 9 and B3PW91 (Beck's three-parameter nonlocal-exchange functional with the generalized gradient approximation (GGA) Perdew-Wang 91 correlation functional) 10 methods. The 6-31+G(d) basis set was employed for non-metal atoms. The "double-ζ" quality basis set LANL2DZ associated with quasi-relativistic pseudo-potentials proposed by Hay and Wadt 11, 12 served for the metal atoms, in which the LANL2DZ basis set was adopted for the valence electrons and the pseudo potentials were used for the core electrons.
Based on the M06 optimized geometries, the absorption spectra of the three metal complexes were calculated at the TD-M06 level of theory with the identical basis set. The polarized continuum model (PCM) 13 with dimethylformamide was employed to assess the solvent effect on the spectral properties.
To verify the reliability of the TDDFT/M06 method, the absorption spectrum of complex 2 was also evaluated by the statistical averaging of the (model) orbital potentials (SAOP) 14, 15 in combination with the double-ζ plus polarization (DZP) basis set implemented in the program package ADF. 16, 17 As shown in Fig. S-1 of the Supplementary material to this paper, the absorption features simulated at the TD-DFT/SAOP level present inconsistencies with the experimental values. 6 There was no absorption peak in the range of 230-240 nm. In contrast, one moderate absorption bank (239 nm) was reported in the experiment. Therefore, the TDDFT/M06 functional was more reliable for this system and became the final choice to calculate the vertical excitation energies.
RESULTS AND DISCUSSION

Geometry structures
The optimized structures of the investigated metal complexes are shown in Fig. 1 and Mor (morpholine) rings and key atoms are presented in Fig. S-2 of the Supplementary material. Before starting the following discussions, three issues deserve to be considered. First, since the accurate geometries are essential to study the spectral properties, selecting a more suitable method to optimize the structure is the principal problem. The DFT method has revolutionized the role of theory by providing accurate first-principle predictions of critical properties since its computational costs are low compared to ab initio methods. However, a functional that is suitable for all systems is unknown and is unlikely to be discovered in the near future. Three DFT functionals, i.e., M06, B3LYP, and B3PW91 were chosen in this work. The geometric parameters of the three studied metal complexes are listed in Tables I-III , respectively, and associated with the experimental values. 6 It shows that the results computed with the different functionals are similar to each other. Furthermore, the mean unsigned error (MUE) between the theoretical values and the experimental ones were calculated (see Table S -I of the Supplementary material). It is found that the M06 functional was relatively a little better than the other two functionals. Hence, M06 method, which is reported to be one of the most successful functionals for the metal complexes and has been extensively used in organometallic systems, [18] [19] [20] [21] was confirmed to perform the following studies. The corresponding Cartesian coordinations of the ground state structures for complexes Zn(C 10 H 12 N 3 OS) 2 (1), Ni(C 10 H 12 N 3 OS) 2 (2) and Pd(C 10 H 12 N 3 OS) 2 (3) are listed in Table S-II of Supplementary material.   TABLE I . Calculated bond lengths (Å) and angles (°) for complex Zn(C 10 H 12 N 3 OS) 2 (1) by the B3LYP, B3PW91 and M06 methods with the 6-31+G(d)-LANL2DZ basis set together with the experimental values. 6 The absolute errors are listed in parentheses (3) were located in the cis-configuration, which is consistent with the experimental observations. 6 For every complex, the other configuration failed to be located.
According to the present calculations, complex 1 presents a distorted tetrahedral coordination geometry, which is consistent with experimental and previous theoretical results. 22 Complexes 2 and 3 exhibit a square-planar coordination environment with the same bond distances of Ni(Pd)-S(1)/N(1) and Ni(Pd)-S(2)/N(3). The difference is that the angles of S(2)-Pd-N(1) and S(1)-Pd-N(3) for complex 3 are much closer to linear than those of complex 2. Consequently, complex 3 shows a more nearly regular square-planar coordination conformation. The different structures of these three complexes, especially for complex 1, will result in discrepancies for the electronic structures and spectral properties. 
Molecular orbitals
Elucidating the composition of frontier molecular orbitals (FMOs) (HOMO (H) -the highest occupied molecular orbital and LUMO (L) -the lowest unoccupied molecular orbital) is essential to cast light on the absorption spectra intrinsically. The selected FMOs compositions (including the four highest HOMOs and the three lowest LUMOs) of corresponding three metal complexes are tabulated in Tables S-III-S-V of the Supplementary material. Furthermore, selected molecular orbitals involved in the key absorptions of the studied complexes, the calculated energy levels, and the energy gaps are plotted in Fig. 2 . Now, let attention be paid to the orbital composition of the three metal complexes. The detailed orbital distribution will not be discussed individually. The common and different points among them will be emphasized. The similar points are: 1) the contribution of C atoms (C(1), C(2) and C(3)) can be neglected for all selected FMOs; 2) the electron density distributions of L+1 and L+2 are mainly distributed over the π* orbital of the Py groups (Py(A) and Py(B)); 3) the Mor groups (Mor(A) and Mor(B)) and N atoms (N(2) and N(4)) contribute little to the LUMOs. Except for the similar points, there are also different items deserving attention. One is that the Zn atom has no contribution to all selected FMOs of complex 1, while the d orbital of the Ni or Pd atom plays an important role in complexes 2 and 3, respectively, especially for the LUMO. The other one is that the electrons extend over the S atoms (S(1) and S(2)) in the FMOs of complexes 2 and 3 more than in complex 1. In general, the properties of complexes 2 and 3 are more similar to each other as compared with complex 1, which is related to their structures. 
Electronic spectra
Based on the optimized ground-state structures, the singlet→singlet absorptions of the three metal complexes in dimethylformamide (DMF) medium were simulated by the TD-M06/6-31+G(d)-LANL2DZ approach associated with the polarized continuum model (PCM). The most leading absorptions (with larger configuration interaction (CI) coefficients) are listed in Table IV along with items of assignment, excitation energies, oscillator strengths (f), and experimental values. 6 The corresponding simulated Gaussian type absorption curves are plotted in Fig. 3 .
The calculated absorption spectra show one intense absorption peak for complex 1, while there are two relatively strong peaks for complexes 2 and 3 in the range of 250-295 nm. By comparison, the calculated absorption spectra are in fairly good agreement with the experimental results. 6 For complex 1, the experimentally determined strong absorption peak at 337 nm occurs in the same region as the calculated band at 309 nm, which mainly arises from the transition from the HOMO to LUMO. The HOMO exhibits p character of the N(2) and N(4) atoms and the LUMO is primarily localized on the π* of the Py(A) and Py(B) groups, so this transition is designated as n→π*. With respect to complex 2, the absorption peaks at 251 (268) and 293 (280) nm have similar intensity to form shoulder peaks.
The two absorptions at 251 and 293 nm are mainly associated with H-10→L and H-11→L transitions, respectively, which are designated as n+π→n+d and n+d→n+d with the LL/IL/LMCT and LL/IL/MLCT characters, respectively. Com- plex 3 also has two shoulder peaks centered at 254 and 287 nm associated with H-3→L+3 and H-2→L+1 transitions, respectively, which are attributed to the n→π* and n+d→π* with characters of IL/LLCT and IL/LL/MLCT, respectively. The detailed transition features for the other absorption bands will not be discussed individually here. One of the distinguishable advantages of a theoretical study is their ability to separate peaks that are hard to be realized by experimental measurement. For example, complex 2 presents seven absorption peaks in the theoretically simulated wavelength range. However, two moderate absorption bands located at 281 and 251 nm were not observed experimently. 6 Additionally, the absorption spectra for complex 2 in gas phase and in solvents (tetrahydrofuran (THF, ε = 7.426 cm 2 mol -1 ), dichloroethane (DCE, ε = = 10.125 cm 2 mol -1 ), and dimethylformamide (DMF, ε = 37.219 cm 2 mol -1 )) with different polarities were investigated at the same level to explore the effect of the solvent on the absorption features. It is clear from Fig. 4 that absorption bands do not show significant solvent sensitivity to the variation of polarity. Although the intensities of the absorption peaks are strengthened with increasing solvent polarity, the positions in different solvents remain almost constant. However, the absorption curve simulated in gas phase presents distinct differences. The number of the absorption peaks is reduced and their oscillator strengths are obviously decreased. Besides, their wavelengths show a slight red shift as compared with the absorption spectra in the different solvents. 
CONCLUSIONS
The density functional theory and time-dependent density functional theory were used to investigate the ground-state geometries, electronic structures, and absorption spectra of three thiourea metal complexes 1-3. Both the geometrical and electronic structures and the absorption properties of complexes 2 and 3 are more similar to each other relative to complex 1. When the metal center changes from Zn to Ni/Pd, the absorption spectrum presents different features. The number of the absorption peaks increases and the strongest one is blue-shifted. Furthermore, solvents with different polarities had only a slight influence on the position and intensity of the absorption peaks. However, the absorption spectrum in gas phase showed distinct diversity.
SUPPLEMENTARY MATERIAL
The simulated absorption spectrum for complex 2 at TD-DFT/SAOP level, mean unsigned error (MUE) for the three different functionals and schematic structures, Cartesian coordinates of the ground state structures, molecular orbital compositions in the ground state for complexes 1-3 are available electronically at the pages of journal website: http:// //www.shd.org.rs/JSCS/, / or from the corresponding author on request.
